L-Glutamate (Glu) is one of the most abundant free amino acids with a major excitatory neurotransmitter role in the vertebrate central nervous system, while recent trends are toward a role in neuronal differentiation, migration and survival in the developing brain.
In addition to GluRs, vesicular Glu transporters (VGLUTs) are essential for signal output through the condensation of Glu into vesicular constituents for subsequent exocytotic release. Within the central nervous system (CNS), both VGLUT-1 9) and VGLUT-2 10) isoforms are supposed to suffice for the definition of an excitatory neuronal phenotype, while VGLUT3 is expressed in a number of cells shown to release Glu through exocytosis including dopaminergic, GABAergic and serotonergic neurons as well as astrocytes. 11) Recently, evidence that glutamatergic signaling is also functional in non-neuronal tissues, such as bone, pancreas and skin, is accumulating in the literature. 12, 13) Glu may act as a more widespread "cytokine" rather than a "neurotransmitter" to influence a variety of cellular activities in different tissue types. 12, 13) Recent studies have raised the possibility that Glu may be one of the endogenous paracrine (autocrine) factors used for intercellular communications in bone. 14, 15) The addition of an NMDA receptor antagonist inhibits cell differentiation in cultured osteoclasts, 16) for example, while Glu induces elevation of intracellular free Ca 2ϩ in a manner sensitive to antagonism by the NMDA receptor antagonist dizocilpine in osteoblasts. 17) We have also recently demonstrated the exacerbation of osteoblastic differentiation by different NMDA receptor antagonists. 18) In addition to NMDA receptors, osteoblasts constitutively express mRNA for non-NMDA receptors such as GluR3 subunit of AMPA receptors (AMPAR) as well as KA1 and KA2 subunits of KA receptors, 19) while AMPAR modulate the exocytotic release of Glu from cultured osteoblasts. 20) By contrast, no much attention has been paid to the possible functional expression by cartilage of particular glutamatergic signaling molecules required for the neurotransmission in the brain to date. Therefore, we have attempted to mimic our previous studies on cultured rat osteoblasts for the release of endogenous Glu using cultured rat chondrocytes. In the present study, functional expression was for the first time shown with a particular subtype of iGluRs in cartilage. 
MATERIALS AND METHODS

Materials
MD, U.S.A.).
Other chemicals used were all of the highest purity commercially available.
Primary Culture of Costal Chondrocytes Cartilages were isolated from adult female Wistar rat ribs, followed by incubation at 37°C for 10 min in calcium-and magnesiumfree phosphate-buffered saline (PBS) containing 0.1% EDTA and subsequent digestion with collagenase in DMEM at 37°C for 2.5 h. Cells were collected in DMEM containing 10% fetal bovine serum (FBS) and antibiotics and then centrifuged at 500 g for 5 min. The pellets were suspended in DMEM containing 10% FBS. Cells were plated at a density of 4ϫ10 4 /cm 2 in 24-well dishes, followed by culturing at 37°C under 5% CO 2 for additional 6 d. Culture medium was exchanged to DMEM supplemented with 10% FBS and 50 mg/ml ascorbic acid for subsequent culturing for different periods up to 28 d. Medium was changed every 2 to 3 d.
Reverse Transcription Polymerase Chain Reaction (RT-PCR) Cultured rat costal chondrocytes were washed with PBS twice, followed by extraction of mRNA using mRNA purification kit and subsequent synthesis of cDNA with 12.5 mM random hexamer primers and first-strand beads. Reverse transcriptase reaction was run at 37°C for 60 min and an aliquot of synthesized cDNA was directly used for PCR. PCR was performed in 10 mM Tris-HCl buffer (pH 8.3) containing 50 mM KCl, 1.5 mM MgCl 2 , 200 mM each of dNTP (deoxy nucleotide triphosphate), 20 pmol of each primer for AMPAR, VGLUT isoforms and chondrocytic markers (Table 1) and 2U Taq DNA polymerase as described previously.
19) The conditions of 40 PCR cycles for AMPAR and VGLUT primers were as follows: denaturation at 95°C for 1 min; annealing at 60°C for 1 min and extension at 72°C for 1 min, respectively. The conditions of 32 PCR cycles for chondral marker primers were as follows: denaturation at 95°C for 1 min; annealing at 55°C for 1 min and extension at 72°C for 1 min, respectively. An aliquot of PCR amplification products was run on 2% agarose gel, followed by detection of DNA with ethidium bromide. Appropriate PCR DNA products were extracted from agarose gel using DNA extraction spin columns, followed by sequencing by ABI Prism 310 Genetic Analyzer using cycle sequencing kit. As identical primers were used for amplification of GluR1 to GluR4 subunits of AMPA receptors, resultant PCR products were further digested with restriction enzymes specific for each subunit for determination of expression mRNA for AMPA receptor subunits in cultured rat costal chondrocytes.
Determination of Endogenous Glu Release Rat costal chondrocytes cultured for 7 d were washed twice with Hepesbuffered Krebs-Ringer solution (pH 7.4) (HKR), followed by incubation in HKR for 30 min at 37°C and subsequent reaction with AMPA at 1 mM in HKR for appropriate periods at 37°C, in either the presence or absence of the blocker of AMPAR desensitization, CTZ. An aliquot (20 ml) of incubation medium was collected at different times, followed by centrifugation at 20000 g for 5 min and storage of resultant supernatants at Ϫ80°C. Endogenous Glu was determined by high performance liquid chromatograph (HPLC) with the ophthalaldehyde derivatization method as previously described with minor modifications. 20) In brief, samples were incubated with o-phthalaldehyde derivatizing regent [5 mg/ml o-phthalaldehyde, 1% b-mercaptoethanol, and 0.36 M potassium borate (pH 10.4)] for 2 min at room temperature, followed by an injection into HPLC equipped with reversed-phase column (Symmetry C 18 3.5 mm, 4.6ϫ75 mm; Waters, Milford, MA, U.S.A.). Elution was achieved by programmable pump (Model 305ϩ306; Gilson, Middleton, WI) with linear gradients between 20 mM sodium phosphate (pH 6.0) and acetonitrile.
Data Analysis Results are all expressed as the meanϮS.E. and the statistical significance was determined by the two-tailed and unpaired Students' t-test or the oneway analysis of variance ANOVA with Bonferroni/Dunnett post hoc test.
RESULTS
Isolation of Rat Costal Chondrocytes
Cartilages were isolated from adult female Wistar rat ribs, followed by digestion with collagenase and collection of cells toward subsequent plating for culture. In proportion to increasing culture periods up to 18 d, a linear increase was found in the intensity of Alcian blue staining used for detection of acidic mucopolysaccharide in cultured rat costal chondrocytes (data not shown). Expression of mRNA was seen for several chondral marker genes including sox9, runt-related gene 2/core binding factor a-1 (Runx-2/Cbfa-1), type II collagen and aggrecan, but not for the adipocyte marker gene peroxisome proliferator-activated receptor g (PPARg), in costal chondrocytes cultured for 4 to 28 d (Fig. 1a) . Semi-quantitative RT-PCR revealed that expression of mRNA was drastically increased for Runx-2/Cbfa-1 during culturing from 7 to 14 d with a gradual increase thereafter up to 28 d, while a transient increase was seen in mRNA expression for both type-II collagen and sox-9 on 14 d and for aggrecan on 7 d respectively, in rat costal chondrocytes cultured for a period up to 28 d (Fig. 1b) . A marked increase was also seen in the activity of alkaline phosphatase in chondrocytes cultured for a period of 7 to 28 d with a plateau on 21 d (data not shown).
Presence of AMPAR and VGLUT1 in Cultured Rat Chondrocytes RT-PCR analysis revealed that constitutive expression of mRNA was seen for GluR3 subunit, but not for GluR1, GluR2 and GluR4 subunits, of AMPAR channels in rat costal chondrocytes cultured for 7 to 21 d (Fig. 2a) . In order to evaluate the possible function of GluR3 subunit of AMPAR expressed by chondrocytes, an attempt was made to determine whether an agonist affects the release of endogenous Glu in cultured rat costal chondrocytes as seen in osteoblasts. In rat chondrocytes cultured for 7 to 21 d, expression of mRNA was seen for VGLUT1 essentially required for the condensation of intracellular Glu into synaptic vesicles for exocytotic release in central glutamatergic synapses as shown in rat whole brain (Fig. 2b) . However, mRNA expression was not detected for VGLUT2 in chondrocytes cultured under the similar conditions. Endogenous Glu Release in Cultured Rat Chondrocytes Chondrocytes cultured for 7 d were incubated in HKR buffer in either the presence or absence of 1 mM AMPA and 50 mM CTZ, a blocker of AMPAR desensitization, for different periods from 2 to 60 min at 37°C. Even in the absence of any added stimulants, endogenous Glu was spontaneously released from cultured chondrocytes within 3 min (Fig. 3) . The spontaneous release reached a peak around 10 min after incubation with a plateau up to 60 min. The addition of AMPA at 1 mM alone rapidly but transiently increased the release of endogenous Glu into incubation medium, while the further addition of CTZ at 50 mM significantly prolonged the duration of the release facilitated by AMPA of endogenous Glu. The addition of CTZ alone was also effective in significantly increasing the release of Glu at a concentration 
Fig. 2. RT-PCR on AMPAR and VGLUTs in Cultured Rat Costal Chondrocytes
(a) Chondrocytes were cultured in DMEM for 7 to 21 d, followed by extraction of mRNA and subsequent RT-PCR using primers specific for AMPAR (a) and VGLUTs (b). Amplified products were reacted with individual restriction enzymes specific for each subunit from GluR1 to GluR4 of AMPAR in cultured chondrocytes. Rat whole brain was used as a positive control. These experiments were repeated at least 4 times with similar expression profiles. of 50 mM when determined 2.5 min after addition in chondrocytes cultured for 7 d.
DISCUSSION
The essential importance of the present findings is that an AMPAR agonist markedly evoked the release of endogenous Glu into incubation medium in a manner sensitive to the prolongation by a desensitization inhibitor in cultured rat costal chondrocytes. In addition, expression of VGLUT1 absolutely required for the condensation and subsequent exocytotic release of Glu in the central glutamatergic neurotransmission was for the first time demonstrated in cultured rat costal chondrocytes. To our knowledge, this paper deals with the first direct demonstration of the functional expression of AMPAR by cultured rodent chondral cells. Although several previous studies have already demonstrated the functional expression of different subtypes of iGluRs 20, 21) and mGluRs in bone, 22, 23) no direct evidence is available for a role of AMPAR in mechanisms relevant to the exocytotic release of endogenous Glu from cartilage in the literature to date. Therefore, the further potentiation by the AMPAR desensitization blocker CTZ is highly suggestive of the possible involvement of AMPAR expressed by cultured chondrocytes in mechanisms underlying the release of endogenous Glu through exocytosis from cartilage. These findings are in good agreement with our previous observations on the release of endogenous Glu from cultured rat calvarial osteoblasts in bone. 20) In neurons, AMPA would induce depolarization of membrane potentials, followed by facilitation of Ca 2ϩ influx via voltage-sensitive Ca 2ϩ channels and subsequent exocytotic release of a neurotransmitter from intracellular synaptic vesicles. Moreover, AMPAR are shown to undergo rapid desensitization in a manner sensitive to the blockade by CTZ. 24) It is likely that a common mechanism may underlie the exocytotic release of endogenous Glu between chondrocytes and neurons. Expression of either VGLUT1 or VGLUT2 has been shown to suffice for the definition of a glutamatergic phenotype in different endocrine and neurocrine cells. 25, 26) If this is really the case, endogenous Glu could be used as a paracrine and/or autocrine signal mediator for intercellular communications between chondrocytes as proposed in osteoblasts. 20, 21) In bone, several possibilities of Glu origin are conceivable. Both sympathetic and sensory nerve fibers innervate into bone, while glutamatergic innervation is distributed even in bone. 27, 28) In osteoblasts, the endogenous agonist Glu could be supplied by these glutamatergic nerve fivers as well as by osteoblasts themselves, in addition to blood circulation. In contrast to these osteoblasts, however, either nerve fiber innervation or vascular invasion has never been demonstrated in chondrocytes so far. By contrast, endogenous Glu would activate particular iGluRs and mGluRs after the release from adjacent chondrocytes through an exocytotic mechanism relevant to the vesicular Glu transporter VGLUT1 in a manner sensitive to activation by AMPAR in chondrocytes.
It thus appears that AMPAR may be functionally expressed by chondrocytes to facilitate the exocytotic release of Glu from vesicular components associated with VGLUT1 in rat cartilage.
